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Abstract 
Carbon cycle has a fundamental role in changing climate of the earth. Recent models of the estuary-atmosphere system 
demonstrate the potentially great importance of estuarine environment to the regulation of atmospheric carbon dioxide. 
Carbon, the key element of life is available in organic and inorganic forms as different compounds in air, water and soil. 
Our study site, Hooghly - Matla estuarine system receives a large load of nutrients throughout the year. This is mainly due 
to high litterfall from the adjacent luxuriant mangroves and yield of huge suspended sediment carried along with the river 
Ganges which is flowing through the western part of the Sundarban mangrove ecosystem.  
Keeping in view the crucial role of carbon, a seven compartment model has been proposed to study the dynamics of carbon 
in this estuarine system. Different forms of carbon present in soil (as soil organic carbon (SOC), soil inorganic carbon 
(SIC)) and in water (as dissolved inorganic carbon (DIC), dissolved carbon dioxide (DCO2), dissolved bicarbonate (DBC), 
dissolved organic carbon (DOC) and particulate organic carbon (POC)) are taken as state variables. Litter biomass, 
dissolved oxygen, primary productivity, community respiration, temperature of water, pH of water, pH of soil, air-water 
exchange of carbon dioxide and conversion rates among different forms of carbon are considered as graph time functions. 
The data used in the present model are collected for over two years from our field works and experiments. Other sensitive 
rate parameters which are not possible to collect from survey or experiment, calibrated following standard procedure. 
Sensitivity analysis is performed along with calibration. Model simulation results are validated with observed data. Results 
show seasonal variations of litterfall and which is the main source of SOC pool and ultimately transported to the estuary. 
Other than litterfall, death of organisms in soil and water enriches the SOC and POC respectively.  pH of water is 
governing factor and depending on this factor, DIC is converted to DCO2 and DBC, which are taken up by phytoplankton 
during photosynthesis. Mineralization rate of SOC to SIC and uptake rate of DCO2 and DBC are the sensitive parameters.  
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1. Introduction 
Aquatic systems are enriched with organic carbon in two ways- autochthonous i.e. mainly through the 
production of phytoplankton and other plants occurring within the system and allochthonous i.e. receiving 
the terrestrial organic matter from the watershed. Proportions and magnitude of these two sources vary 
widely among different systems and seasons [1]. Intertidal mangrove ecosystems serve as an important 
interface for the carbon cycle in some tropical coastal environments. The most extensive areas of mangrove 
forests occur on sedimentary shorelines, where large rivers discharge. Mangroves may export organic carbon 
to the adjacent aquatic environment either as leaf litter, particulate or dissolved organic matter. Estuaries are 
of interest because the most sensitive land-water-atmosphere interactions are pronounced at these regions 
which are the hosts of major biogeochemical cycles, influence not only the regional ecosystems but also are 
relevant to global climate system [2]. Organic carbon transported via rivers is a potential energy source for 
coastal system [3]. 
Cycling of carbon and nutrients in forest ecosystems is dominated by litter decomposition process [4][5].  
Tidal activity generally decreases in creeks, as a result, surface litter become less susceptible to export, 
suggesting that in situ litter decomposition should have more influence on litter dynamics and nutrient 
recycling [6]. Detrital export from mangrove forests is a source of nutrients and energy to nearby ecosystems 
[7-10]. The energetic links between mangrove forests and adjacent aquatic systems are intermingled to the 
mangrove litter dynamics [11-13]. Mangrove litter and benthic microalgae are usually the most important 
autochthonous carbon sources [14]. Mangrove ecosystems may function as storage of large amounts of 
organic carbon [15][16] and in some mangrove ecosystems organic-rich sediments of several meters depth 
have been found [17][18].  
The transfer of organic matter from land to sea has a pivotal role in the global carbon cycle [19][20]. 
During last few decades dissolved organic carbon (DOC) has been studied considering it as one of the largest 
exchangeable organic reservoirs on the planet. Particulate and dissolved organic matter (POM and DOM) 
from mangrove wetlands can be an important source of energy and nutrition to heterotrophic communities of 
surrounding estuarine and marine ecosystems [21]. Previous works reveals the immense role of DOC as one 
of the major components of the food webs [22], as a main source of energy for microbial metabolism [23], 
major component of photosynthetic release [24]. Concentration of DOC varies along with magnitude and 
proportion of autochthonous and allochthonous sources, temperature, depth, seasons [1][25-28] [3] [29]. 
Fasham [30] built a model with single compartment for DOM which was simplistic; later DOM has been 
described as number of separate pools in different models [31-33]. Connolly et al. [34] described carbon 
utilization of bacteria in natural waters using a model with two separate dynamic DOM pool. Anderson and 
Williams [35] constructed a ten compartment detailed model describing the dynamics of DOC and DON. In 
this model both carbon and nitrogen are incorporated by means of varying C/N ratio, separate labile and semi 
labile organic pools are distinguished and processes associated with DOM production are discussed. Xinling 
et al. [36] proposed a simple coupled pelagic-benthic ecosystem multi-box model is used to simulate the 
ecosystem seasonal variation. Anderson and Williams [37] further used a one-dimensional model in which 
they incorporated separate labile, semilabile, and refractory fractions of dissolved organic carbon (DOC) to 
study the vertical distribution of dissolved organics in the ocean and the downward flux of organic carbon 
into the water column. Anderson and Pondaven [38] used a one dimensional coupled physical biological 
model to examine the imbalance in the stoichiometry of C and N cycling. This model included the detailed 
representation of DOM which showed C/N dynamics. 
Net heterotrophy is another aspect of aquatic systems and estuaries are generally considered to be net 
heterotrophic systems and often act as sources of CO2 to the Earth’s atmosphere [20][39]. Hooghly estuary is 
a heterotrophic system as during most of the time the year there is a flux of CO2 from water to air [40-42]. 
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The structure and metabolism of terrestrial ecosystems has been affected by the increasing amount of 
atmospheric CO2 which has associated feedbacks to the climatic system. 
Ganges is the most important river in the northern India, lower reach of which is located in a highly 
populated area. The estuarine phase of the river has been explored by several research workers since last few 
decades. Only few recent studies involving different biogeochemical aspects of this region have been done in 
this estuarine region. Seasonal variation in the fugacity of CO2 and its nature of exchange at the air water 
interface and diurnal and seasonal variation in the mixing ratios of CH4 and CO2 in different 
micrometerological conditions has been first reported by Mukhopadhyay et al. [42][43]. Biswas et al. [41] 
investigated the driving forces behind the CO2 exchange from the Sundarban mangrove water. 
Mukhopadhyay et al. [44] first examined the annual mass balance for nutrients C, N, P, and Si in the 
Gangetic delta. Amount of available radiant energy to drive biosphere-atmosphere exchange of CO2, H2O, 
CH4 and transfer into other energy forms were determined at the land ocean boundary of north east coast of 
Bay of Bengal by Ganguly et al. [45]. A modelling study has been done by Mandal et al. [46] to show the 
nitrogen dynamics in Hooghly-Matla estuarine region.  
With the help of the knowledge and information from previous works, field surveys are made and the 
experimental works done, a seven compartment dynamic model is constructed. The objective of present 
study is to propose a model showing the mechanism of carbon cycle in this estuarine region, to evaluate the 
different forms of carbon and the role of environmental factors regarding this process and to recognize the 
sensitive parameters for carbon dynamics in this estuarine system. 
 
Fig. 1. Study site along with Hooghly-Matla estuatine complex 
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2. Material and method 
2.1. Study site 
Ganges is the largest major river in the India and its first deltaic off shoot is known as Hooghly estuary 
(21° 31´–23° 20 N and 87° 45´– 88° 45´ E). The Indian Sundarban Mangrove forest (21° 32´ and 22° 140´N: 
88° 05´ and 89°E) comprises of 9630 km2; out of which 4264 km2 is under reserved forest in the estuarine 
phase of the river Ganges. This estuary has marked its position on the global map due to its unique 
bioclimatic nature in land ocean boundaries of Bay of Bengal along with the magnificent mangrove. Several 
numbers of discrete islands constitute Sundarbans. Largest Island in the row, Sagar Island covering an area 
of about 144.9 km2 in area, and is surrounded by the River Hooghly on the north and northwest and the River 
Mooriganga on the east. The island bears a dense network of rivers, canals and creeks. The meso-macrotidal 
Hooghly estuary has a wide mixing zone extending from Diamond Harbor to the mouth of the river [47]. 
Sagar Island, located in the western sector of the estuary, is the largest deltaic island in this estuarine 
complex, lying between 21°56′–21°88′ N and 88°08′–88°16′ E (Fig. 1). Human activities as well as changes 
in land use through reclamation for agriculture and aquaculture have altered natural mangrove vegetation 
cover of this island. This region is in the wet tropical climatic zone with pronounced seasonal climatic 
changes. The seasons are characterized as premonsoon (March–June) with average high temperature ranging 
from 25°–42° C and minimum precipitation; monsoon (July–October), when 70–80% of annual rainfall 
occurs, and postmonsoon (November–February), with cold weather (average 25° C) and negligible rainfall. 
The monsoon season is generally dominated by southwest winds. Avicennia marina is the dominant species 
among the halophytes of Sagar island. Avicenna alba, Porteresia coarctata, Exoecaria agallocha, Ceriops 
decandra, Acanthus ilicifolius and Derris trifoliate are also present [48]. 
2.2. Sampling and experiment 
Samples are collected from the mangrove forest floor and the creeks of the of Sagar island. Several 
experimental and survey works are done over two years in the field to collect data for dissolved and 
particulate organic carbon (DOC, POC), water temperature, water pH, dissolved oxygen (DO), dissolved 
carbon dioxide (CO2(aq)), soil organic carbon (SOC), soil temperature, salinity, etc. 
Soil samples are collected from the field stations at a depth of ~8–10 inches (~20–25 cm) in the mangrove 
forest floor, where tidal flow is encountered at monthly intervals. Soil temperature is measured in the field 
using a digital thermometer (EUROLAB-ST 9269). Soil samples are further analyzed by measuring organic 
and inorganic carbon content following standard methods [49]. From a saturated soil–water paste pH is 
measured monthly [50]. Soil salinity is derived from soil water extracts following the method of Gupta 
(2002)[50], and calculated by the formula: salinity (ppt) = chlorinity (ppt) 1.805 + 0.03 [51]. Estuarine water 
samples are collected from the creeks at 0.5m (approximately) depth at different field stations for chemical 
analysis. Samples for DOC and POC are collected in glass bottles in the field and preserved on ice in dark 
condition and carried to the laboratory. TOC in these samples are estimated using TOC analyzer (Shimadzu). 
Water samples are passed through Millipore GF/F filters (0.45μm pore size) and the filtrate is used to 
determine POC. Total alkalinity (TA) of the samples are estimated by potentiometric titration [49] and 
calibrated against standard sea water procured from NIO. Dissolved inorganic carbon (DIC) is measured 
from TA. Dissolved free carbon dioxide (DCO2) is measured following standard method [49]. Bicarbonate 
alkalinity is calculated using mathematical formulae [50]. Water temperature is measured directly from the 
field using digital instrument (EUROLAB-ST 9269) and dissolved oxygen is measured by Winkler’s 
iodometric method. Water pH is measured using pH meter (LUTRON-pH-206). Water temperature is 
measured directly from the field using digital instrument (EUROLAB-ST 9269). The conversion rates (con 
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rt1) from DIC to DBC, (con rt2) from DIC to DCO2 and (con rt3) from DBC to DCO2 are calculated 
mathematically using the field data. Monthly data for dry litter biomass, flux of carbon dioxide at air-water 
interface and community respiration are taken from the previous works of the same locality[52][41][42].  
2.3. The model 
2.3.1. Model description 
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Fig. 2. Conceptual model of carbon dynamics of Hooghly–Matla estuarine system using STELLA 6.0 software. 
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A seven-dimension conceptual model (Fig. 2) is constructed using STELLA 6.0 computer software (High 
Performance Systems Inc.). For integration, fourth-order Runge–Kutta method is used with a time step of 1 
day. The differential equations used in the model are summarized in Table 1. All physical, chemical, 
biological components and processes involved in the model of carbon dynamics are described below. 
Carbon is present in soil as SOC and SIC. SOC dynamics can be defined following equation 1. SOC of 
the soil is mainly contributed by litter carbon (LC) of the adjacent mangrove forest and death of soil 
organisms and death of soil microflora (bacteria and fungi) (IDSO) (Eq. 1.1 and 1.2). Carbon fraction (frac C) 
of litter biomass (Lb) is taken as constant throughout the year in this model. IDSO is governed by input rate 
of dead soil organisms (DSO rt) and input rate of dead soil microflora (DSM rt). Most of the SOC gets 
mineralized to SIC (min2) (Eq.1.4 and 1.5). Degradation of a fraction of SOC in presence of oxygen releases 
free CO2 which contributes to the DIC pool (conv6) (Eq. 1.6). Remaining portion of SOC under anaerobic 
condition contributes to DOC pool by forming organic acids like humic and fulvic acids (OA) (Eq. 1.3). The 
balance of SIC in soil is maintained by conversion of SOC to SIC (min1), loss due to release of CO2 (conv5) 
(Eq. 2.2) and leaching of SIC to estuarine water (lrt) (Eq. 2.1). Mineralization (min1) is a temperature 
dependent process which regulates the microbial degradation rate (Mdr) of the soil [53], therefore a 
temperature factor for soil mineralization (Q10) and soil temperature (ST) based equation (et) is incorporated 
in the model [54] where optimal temperature (OptT) is considered to be 20°C in the model. A part of soil 
inorganic carbon (SIC) is converted to DCO2. The conversion is dependent upon soil pH if acidic condition 
persists then SIC contributes to DIC. In acidic condition (i.e. lower pH) DIC is converted to free CO2. Rest 
of SIC get leached (washing out of soluble constituents) into the estuarine water. SIC dynamics is defined in 
equation 2. 
DIC (Dissolved inorganic carbon) pool of water can be divided into two portions: a) Dissolved free 
carbon dioxide (DCO2) and b) Bicarbonate salts (DBC). The interspeciation of DIC is influenced by pH, 
alkalinity and temperature. Dynamics of DIC, DCO2 and DBC follows equation 3, 4 and 5 respectively. DIC 
pool is enriched by flux of CO2 due to exchange of gas at the air water interface (F) (Eq. 3.1), community 
respiration (R) (Eq. 3.2). Monthly variation of CO2 flux and community respiration are presented in this 
model as graph time function (fl) and (resp rt) respectively. DIC is converted into two portions- DCO2 
(conv2) (Eq 3.4) and DBC (conv1) (Eq. 3.3) which are available for phytoplankton uptake during 
photosynthesis (PU1) (Eq. 4.2) and (PU2) (Eq. 5.1) respectively. Uptake by phytoplankton is governed by a 
rate (uptk rt 1) and (uptk rt 2). A portion of DCO2 (L1) and DBC (L2) is washed out from the system (Eq. 4.3 
and 5.2). A portion of DBC is converted to DCO2 (conv3) (Eq. 4.1). DOC and POC dynamics are defined by 
equations 6 and 7. DOC pool is enriched from various sources. River is carrying a huge amount of terrestrial 
runoff loaded with DOC (rv rt) (Eq. 6.5). Ground water contain DOC, which is discharged into the creek 
water (discrg rt) (Eq. 6.1). A portion of phytoplankton primary productivity (PP), taken as graph time 
function is released as exudation, goes to the DOC pool of water (exdn rt) (Eq. 6.2). Excretory products of 
phytoplankton, zooplankton and other benthic fauna undergo decomposition and ultimately contribute to 
DOC pool (excrtn rt) (Eq. 6.3). Decomposing dead bodies of aquatic organisms also contribute to DOC pool 
(InpAO rt). (Eq. 6.6) Some amounts of POC breakdown into DOC (bkdn). This process is regulated by 
function of water temperature (fT), function of dissolved oxygen (fDO), and mineralization rate of POC (Eq. 
6.4). A portion of DOC is mineralized (min1). This process is regulated by function of dissolved oxygen 
(fDO), temperature of water and mineralization rate of DOC (Eq. 6.9). A part of DOC is photo-oxidized to 
CO2 (PO rt) (Eq. 6.7). Another portion of DOC is consumed by bacteria (BU) which are demonstrated by a 
rate parameter, bacterial uptake rate (BD rt) (Eq. 6.8). Rest of DOC is wahed out from the system during 
tidal flow (LrDOC) (Eq. 6.10). A part of DOC is polymerized to POC (pol rt) (Eq. 6.11). Death of aquatic 
organisms also contributes to POC pool following a particular rate (IDAO rt) (Eq. 7.1). POC is lost from the 
system by detritivory (LD) (Eq. 7.5). It is also reduced due to sedimentation (cont s) (Eq. 7.2), consumption 
by bacteria (POC ut bc) (Eq. 7.4) and rest is lost from the system by tidal flush (Lr POC) (Eq. 7.3). The 
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description of initial values of state variables, parameters, factors and their units are summarized in Table 2, 
3 and 4.  
Table 1: Model equations for organic carbon dynamics in Hooghly–Matla estuarine system 
Equations No. 
62min convOAIDSOLC
dt
dSOC  1 
fracCLBLC   1.1 
DSMrtDSOrtIDSO   1.2 
lchrtSOCOA   1.3 
etmdrSOC 2min  1.4 
et =Q10(ST/optT) 1.5 
SOCconrtconv  66  1.6 
52min convloss
dt
dSIC   2 
lrtloss   2.1 
sphconrtSICconv  55  2.2 
2165 convconvconvconvRF
dt
dDIC   3 
flF   3.1 
resprtR   3.2 
11 conrtDICconv   3.3 
22 conrtDICconv   3.4 
11322 LPUconvconv
dt
dDCO   4 
33 conrtDBCconv   4.1 
121 uptkrtDCOPU   4.2 
211 DCOLrtL  4.3 
2231 LPUconvconv
dt
dDBC   5 
22 uptkrtDBCPU   5.1 
DBCLrtL  22 5.2 
polDOClossBUPOInpAOrinpbkdnexcrnOAED
dt
dDOC  1min 6 
discrgrtD   6.1 
exdnrtPPE   6.2 
excrnrtexcrn   6.3 
POCfTfDORpocbkdn   6.4 
rvrtrinp   6.5 
InpAOrtInpAO   6.6 
POrtPO  6.7 
BDrtBU   6.8 
DOCfTfDORdoc 1min  6.9 
lrDOCDOCDOCloss   6.10 
polrtDOCpol   6.11 
POCutbcbkdnLDPOClosscontSpolIDAO
dt
dPOC   7 
IDAOrtIDAO   7.1 
POCsedrtcontS   7.2 
POCLrPOCPOCloss   7.3 
POCPOCutrtPOCutbc   7.4 
POCLDrtLD   7.5 
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Litter biomass (Lb), primary production (PP), community respiration (resp), air water CO2 flux (fl), 
dissolved oxygen (DO), soil temperature (ST), water temperature (T), water pH (WpH) are considered as 
graph time functions in this model. 
 
2.3.2. Sensitivity analysis 
Sensitivity analysis of all the parameters is carried out. It is the fundamental step before calibration. 
Sensitivity analysis attempts to provide a measure of the sensitivity of either parameters, or forcing functions, 
or submodels to the state variables of greatest interest in the model. Sensitivity analysis is performed using 
the following formula: S = (dx/x)/(dp/p) [55]. where S = sensitivity, x=state variable (here SOC, SIC, DIC, 
DCO2, DBC, DOC and POC). p=parameter, dx and dp are change of values of state variables, parameters 
and forcing functions respectively at ±10% level in temporal scale. Those parameters, which are almost 
impossible to determine from field are calibrated using a range of values (minimum to maximum) from 
literature first and further the appropriate value for that parameter for this estuary are determined according 
to the best fit of the value during the model run by using standard calibration procedure [55]. 
 
2.3.3. Model calibration and validation 
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Calibration is done by adjusting selected parameters in the model to obtain a best fit between the model 
calculations and the field data collected during first year of study period. Validation of the model is 
performed using data collected during second year of study period. The monthly average values of the state 
variables of first year and second year are used for calibration and validation of the model respectively. The 
model is simulated for the period of 365 days. 
3. Results 
Ecologically feasible ranges of parameters are selected for sensitivity analysis. Parameters are perturbed 
to their positive and negative values (±10%) and their effects on state variables are discussed in this section. 
When the initial values of all the state variables of the present model are perturbed for (±10%), no significant 
changes has been observed.  
Following the above mentioned formula sensitivity of each parameter against each state variable is 
performed. Sensitivity results show that SOC dynamics is positively related to frac C, DSO, Mdr, Q10 and 
negatively related to lch rt, con rt6 and optT. The most sensitive parameters for SOC are frac C and lch rt. 
SIC pool is positively related to frac C, Mdr, Q10, opt and lch rt and negatively related to DSM, DSO and 
con rt6. SIC is most sensitive to slight perturbation of frac C and Mdr. DIC is positively related to con rt 6, 
optT, frac C and lch rt whereas negatively related to DSM, DSO, Mdr and Q10. DCO2 is positively related to 
opt, lch rt and uptk rt2 and negatively related to uptk rt1, L rt1, Mdr, Q10, con rt6. DBC is positively related 
to opt T, lch rt and negatively related to uptk rt2, L rt2, Mdr, Q10 and con rt5. DOC is positively related to 
lch rt, Po rt, exdn  rt, discrg rt, rvrt, con rt6 and negatively related to pol rt, opt and Rpoc. POC pool is 
positively related to pol  rt, KT, lch rt, Mdr, Q10, Po rt, discrg rt, rvrt, con rt6 and negatively related to Lr 
POC, LD rt and exdn rt. Results of sensitivity analysis is given in table 5. 
In the present study SOC has higher values during the postmonsoon (7.2–8.9 mg C gm–1) and lower 
values during the monsoon (3.4–5.25 mg C gm–1). Field observations show that soil temperature is lower 
during the postmonsoon (21.6–25.3) and higher during premonsoon (28.0–33.3). Variations of SIC are 
studied throughout the year; the experimental results show higher values in premonsoon (9.45 mg C gm-1 to 
10.01 mgC gm-1) and lower values in premonsoon (4.61 mg C gm-1 to 6.729 mg C gm-1). 
Field observations show DIC concentrations are higher in premonsoon (210–320 mg l–1) and lower in 
monsoon (140–183 mg l–1). Variations in DCO2  are opposite those of pH, i.e. higher in monsoon (average 
3.40 mg l–1) and lower in premonsoon (average 3.17 mg l–1) and postmonsoon (average 3.38 mg l–1). Some 
amount of CO2 from air diffuses into water depending upon the partial pressure gradient of CO2, and 
diffusion from water to air takes place if the partial pressure of CO2 is greater in water than air. As Hooghly 
estuarine system is heterotrophic in nature, net diffusion from water to air takes place most of the year 
[42][45]. Only during postmonsoon net diffusion of CO2 from air to water is found when phytoplankton 
bloom occurs. Bicarbonate acts as reservoir for CO2. DBC values were higher in premonsoon (average 
279.24 mg l–1), lower in monsoon (average 163.42 mg l–1) and intermediate in postmonsoon (average 212.92 
mg L–1). Estimated result of DOC from field observation shows higher values in postmonsoon (4.091 to 
5.575 mg l-1) and lowers in monsoon (3.217to 3.576 mg l-1). POC shows higher values in postmonsoon 
(15.54 to 19.5 mg l-1) and lowers in premonsoon (11.17 mg l-1 to 13.1 mg l-1). 
Higher values of litter biomass (Lb) per kg soil are recorded during the postmonsoon period and lower 
values are recorded during the monsoon. In the present study, it is observed from field survey that the 
dissolved oxygen (DO) varies annually between 4.97mg l-1 to 7.18 mg l-1. Higher values are observed during 
December-January, highest in January 7.18 mg l-1) whereas lower values are observed during June-August, 
lowest in July (4.97 mg l-1). In the tropics, higher temperatures are observed during premonsoon period 
(March to June) and low temperatures are observed during postmonsoon period (November to February). 
The average values of water temperature (Wt) during the period of study show maximum value during May 
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(31ºC) whereas, the minimum value in January (20.5ºC). During the study period highest rainfall has been 
seen in the month of July and August and almost no rains in the months of November and December. 
The monthly observed average values of SOC, SIC, DIC, DCO2, DBC, DOC and POC are used for 
calibration and validation of the model. After calibration and validation of the model, chi-square tests are 
performed to check the goodness of fit for statistical significance between observed and simulated results. 
Chi-square test results show p < 0.05 levels for all cases. 
Plots of graph time functions for two years are given from fig. 3to fig.13. Plots of three graph time 
functions (con rt1, con rt2, con rt3) are given with only one year data as the values of two subsequent years 
are almost same. So the the graphs will be congested if we use two data sets. Plots of calibration and 
validation for the seven state variables are given from fig. 14 to fig. 20. 
Table 2: Description, values, units and references of the state variables of the model 
State Variables Value Unit Reference 
DBC Dissolved Bicarbonate pool 222.445 mg l-1 Field survey 
DCO2 Dissolved free Carbon dioxide pool 3.533 mg l-1 Field survey 
DIC Dissolved Inorganic Carbon pool 225 mg l-1 Field survey 
DOC Dissolved Organic Carbon pool 5.571 mg l-1 Field survey 
POC Particulate Organic Carbon pool 19.5 mg l-1 Field survey 
SIC Soil Inorganic Carbon pool 5.8 mg C gm-1 Field survey 
SOC Soil Organic Carbon pool 8.9 mg C gm-1 Field survey 
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Fig. 3. Fluctuation of Lb during the study period                            Fig. 4. Fluctuation of ST during the study period 
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Fig. 5. Fluctuation of WpH during the study period                Fig. 6. Fluctuation of T during the study period 
Table 3: Description, values, units and references of the graph time functions of the model 
Graph Time Functions Value Unit Reference 
con rt1 Conversion rate of DIC to DBC  Graph dimensionless Field survey 
con rt2 Conversion rate of DIC to DCO2 Graph dimensionless Field survey 
con rt3 Conversion rate of DBC to DCO2 Graph dimensionless Field survey 
DO Dissolved Oxygen Graph mg l-1 Field survey 
fl Flux of CO2 Graph mg m-2 h-1 [44]  
LB Litter biomass Graph mg kg-1 Field survey 
PP Primary Productivity Graph mg C m-2 h-1 [44] 
resp rt Community respiration Graph mg C m-2h-1 [44] 
T Temperature of water  Graph 0C Field survey 
ST Temperature of soil Graph 0C Field survey 
WpH pH of water  Graph dimensionless Field survey 
Table 4: Description, values, units and references of the forcing functions of the model 
Forcing Functions Value Unit Reference 
BDrt Bacterial DOC uptake rate 0.5 day-1 [3] 
con rt5 Conversion rate of  SIC to DIC 0.009 day-1 Source IESWM 
con rt6 Conversion rate of SOC to DCO2 0.58 day-1 Source IESWM 
discrg rt Groundwater discharge rate of DOC 0.004 day-1 [44] 
DSM rt Input rate of dead soil microflora to SOC 
pool 
0.01 day-1 [56] 
DSO rt Input rate of dead soil organisms to SOC pool 0.09 day-1 [56] 
excrtn rt Excretion rate of aquatic organisms 0.021 day-1 [57] 
exdn rt Exudation rate of phytoplankton  0.01 day-1 [29] 
frac C Carbon fraction of litter 0.11 day-1 [13] 
IDAO rt Rate of Input from Death of Aquatic 
Organism to POC 
0.122 day-1 [56] 
IDSO rt Rate of Input from Death of Soil Organism 0.01 day-1 [56] 
InpAO rt Rate of Input from aquatic organism to DOC 0.006 day-1 [57] 
KDO Half saturation constant for oxygen 0.063 dimensionless [58] 
KT Half saturation constant for temperature 1 dimensionless [58] 
lch rt Leaching rate of organic acid 0.45 day-1 [59] 
LD rt Rate of POC loss  due to detritivory 0.1 day-1 [57] 
LrDOC Loss rate of DOC from the system 0.7 day-1 [29] 
LrPOC Loss rate of POC from the system 0.01 day-1 Source IESWM 
lrt Loss rate of SIC from the system 0.01 day-1 [57] 
L rt1 Loss rate of DCO2 from the system 0.1 day-1 [52] 
L rt2 Loss rate of DBC from the system 0.105 day-1 [52] 
mdr Mineralization rate of SOC to SIC 0.005 day-1 [60] 
optT Optimal temperature in soil 20 0C [61] 
PO rt Photo oxidation rate of DOC  0.04 day-1 [62] 
POC ut rt POC utilization rate by bacteria 0.009 day-1 Source IESWM 
pol rt Polimerization rate of DOC to POC 0.38 day-1 Calibrated 
Q10 Temperature factor for soil mineralization 2 dimensionless [63] 
Rdoc Mineralization rate for DOC   1 day-1 [64] 
Rpoc Mineralization rate for POC to DOC   0.01 day-1 [64] 
rv rt Rate of riverine input of  DOC 0.01 day-1 [44] 
sed rt Sedimentation rate of POC 0.015 day-1 [57] 
uptk rt1 Uptake rate of DCO2 by phytoplankton 2.1 day-1 Calibrated 
uptk rt2 Uptake rate of DBC by phytoplankton 0.9 day-1 Calibrated 
Table 5: Sensitivity analysis of different parameters for SOC, SIC, DIC, DCO2, DBC, DOC and POC at ±10% level. 
Parameters SSOC SSIC SDIC SDCO2 SDBC SDOC SPOC 
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fracC +0.999 +0.998 +0.097 -0.097 -0.097 -0.039  -0.041 
DSM rt +0.000 -0.100 -0.100 -0.100 -0.100 0.000 -0.100 
DSO rt +0.100 -0.100 -0.100 1.009 -0.100 0.000 1.009 
Mdr +0.101 +.214 -0.100 -0.100 -0.100 +0.101 +0.101 
OptT -0.099 +0.196 +0.100 +0.100 +0.100 -0.100 -0.100 
Q10 +0.103 +0.030 -0.100 -0.100 -0.100 +0.101 +0.101 
lch rt  -0.217 +0.145 +0.103 +0.101 +0.100 +1.011 +0.69 
lrt 0.000 0.000 0.000 0.000 0.000 -0.068 +0.038 
uptk rt1 0.000 0.000 0.000 -0.201 0.000 0.000 0.000 
uptk rt2 0.000 0.000 0.000 +0.169 -0.149 0.000 0.000 
Po rt 0.000 0.000 0.000 0.000 0.000 +.110 +0.105 
rvrt 0.000 0.000 0.000 0.000 0.000 +0.111 +0.110 
discrg rt 0.000 0.000 0.000 0.000 0.000 +0.101 +0.105 
conrt5 0.000 -0.010 0.000 -0.100 -0.100 +0.014 +0.051 
conrt6 -0.152 -0.15 +0.199 -0.099 -0.099 +0.132 +0.131 
L rt1 0.000 1.009 1.009 -0.100 1.009 1.009 1.009 
L rt2 0.000 1.009 1.009 +0.103 -0.103 1.009 1.009 
exdn rt 0.000 1.009 1.009 1.009 1.009 +0.162 -0.063 
excrtn rt 0.000 0.000 0.000 0.000 0.000 +0.010 0.000 
Rdoc 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Lr DOC 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BD rt 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Inp AO rt 0.000 0.000 0.000 0.000 0.000 +0.010 0.000 
pol rt 0.000 0.000 0.000 0.000 0.000 -0.187 +0.011 
Rpoc 0.000 0.000 0.000 0.000 0.000 -0.101 0.000 
KT 0.000 0.000 0.000 0.000 0.000 0.000 +0.195 
KDO 0.000 0.000 0.000 0.000 0.000 0.000 +0.010 
IDAO rt 0.000 0.000 0.000 0.000 0.000 +0.010 +0.099 
sed rt 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
POC ut rt 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Lr POC 0.000 0.000 0.000 0.000 0.000 0.000 -0.211 
LD rt 0.000 0.000 0.000 0.000 0.000 0.000 -0.209 
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Fig. 7. Fluctuation of resp rt during the study period         Fig. 8. Fluctuation of PP during the study period 
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Fig. 9. Fluctuation of DO during the study period           Fig. 10. Fluctuation of fl during the study period 
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Fig. 11. Fluctuation of con rt1 during the study period                         Fig. 12. Fluctuation of con rt2 during the study period 
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Fig. 13. Fluctuation of con rt3 during the study period 
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Fig. 14. (a) Result of calibration of SOC; (b) Result of validation of SOC 
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Fig.15. (a) Result of calibration of SIC; (b) Result of validation of SIC 
days
0 50 100 150 200 250 300 350 400
m
g/
l
120
140
160
180
200
220
240
260
280
300
320
340
Simulated (1st yr)
Observed (1st yr)
days
0 50 100 150 200 250 300 350 400
m
g/
l
120
140
160
180
200
220
240
260
280
300
320
340
Simulated (2nd yr)
Observed (2nd yr)
 
Fig. 16. (a) Result of calibration of DIC; (b) Result of validation of DIC 
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Fig. 17. (a) Result of calibration of DCO2; (b) Result of validation of DCO2 
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Fig. 18. (a) Result of calibration of DBC; (b) Result of validation of DBC 
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Fig. 19. (a) Result of calibration of DOC; (b) Result of validation of DOC 
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Fig. 20. (a) Result of calibration of POC; (b) Result of validation of POC 
4. Discussion 
Highly productive mangrove ecosystems (approx productivity 2500 mg C m−2 day−1) in the estuarine 
phase of tropical rivers may be a source of nutrients to the coastal water on one hand and provide a 
sedimentary sink for nutrients on the other [65]. Hooghly-Matla estuarine complex receives detritus and 
nutrient from the adjacent Sundarban mangrove ecosystem [66]. Addition of organic matter in the form of 
litter (1603 g m−2 year−1) from the Sundarban mangrove forest at the land–ocean boundary occurs 
throughout the year [67]. Litterfall is one of the driving forces and the main energy source in this system. 
Benthic macrofauna mainly gastropods, anaemons, bivalves, crabs, polychates, nemerteans has a significant 
role, not only take first step in degradation of dead organisms but also consumes about 61% and 39% of 
primary and secondary production respectively [57]. Degraded litter undergoes decomposition and forms 
detritus which supports detrital food chain. Mangrove litter undergoes first degradation and then 
decomposition into dissolved inorganic nutrients, which are important for growth of phytoplankton and other 
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higher plants, in turn stimulating the production of zooplankton and other aquatic fauna of higher trophic 
levels in the estuary. The present study also reveals that mangroves are the key source of nutrient (carbon) 
supply in this region. Mukhopadhyay et al. [44] also noticed high C/N and C/P ratio in this estuary due to 
excess supply of inorganic carbon from adjacent mangrove forest.  
SOC pool is mainly contributed by Lb of mangrove forest; Hoq et al. [68] reported higher SOC values 
(12.2-15.1 mg g-1) in sediment of Sundarban mangrove ecosystem. Tidal activity, temperature, redox state 
and sediment texture are the regulators in the preservation and retention of organic matter [69]. The sample 
soil is rich in humus as it is taken from 0.5 m depth, because in this layer the soil is rich in decomposed 
litterfall. Decomposition of dead organisms along with mangrove detritus, and anthropogenic inputs in the 
form of domestic sewage contribute to the SOC pool. The microbial activity increases with the increase of 
temperature in premonsoon and lowers with the decrease of temperature in postmonsoon, resulting higher 
values of SIC in premonsoon.  
Magnitude of CO2 flux is mainly balanced by two processes:  a) photosynthetic uptake and b) respiratory 
release which are in turn dependent upon various factors like allochthonous input of labile organic matter, 
water residence time, sunlight availability, rates of community metabolism, temperature and nutrient load 
[20][70-74]. It is assumed in the model that the only way inorganic C could be converted to organic C is by 
photosynthesis. It is ignored several mechanisms whereby CO2 can be reduced heterotrophically. Using 
energy from metabolism, some bacteria can carboxylate the carbon skeleton of the tricarboxylic acid cycle 
(anplerotic reactions), resulting in a net uptake of CO2 [75]. Seasonal variations and also distance from river 
mouth influence the fluctuations of the state variables. This estuary is net heterotrophic, which means the 
community respiration is subsidized by allochthonous input of organic matter. GPP of estuarine water is less 
than community respiration, high turbidity in estuarine water reduces the euphotic depth and this condition 
diminishes the phytoplankton production although the estuary contains abundant nutrients. Phytoplankton 
has little role in modifying the riverine nutrient flux prior to its release in the open waters [44]. Only during 
postmonsoon when phytoplankton bloom occurs, they consume maximum CO2 from water which induces 
diffusion of CO2 from air to water. Degradation of DOC in presence of oxygen, releases CO2 which 
contributes to the DIC pool. During monsoon, upper layer of mangrove bed is inundated with water and 
anoxic condition prevails in mangrove bed, soil respiration is reduced. So, DIC values remains low in this 
time of the year.  
The regulating processes of the distribution, flux, and fate of dissolved organic and inorganic nutrients are 
now taken into consideration because both dissolved organic and inorganic nutrients are important factors in 
primary production and global geochemical cycling. Recent evidence has indicated that dissolved organic 
nutrients are significant components in nutrient supply for both bacterial and phytoplankton productions [76-
79]. For example, Findlay et al. [80] found that a range of DOC sources (i.e., tributary and wetland derived) 
supported bacterial production in the tidal freshwater region of the Hudson River Estuary. It is also 
evidenced from present study that exudation, a portion of primary production of phytoplankton has a 
prominent role in DOC dynamics. Several studies have also shown a positive correlation between river 
discharge and DOC concentration and an increase in DOC due to leaching from soil and plant litter during 
periods of high discharge [81]. The humic acid fraction typically comprises 3% to 11% of the DOC pool [82]. 
The present study also supports this view as it has been seen that leaching rate of SOC is a sensitive 
parameter in this estuarine region. Allochthonously derived DOC accounts for more than 90% of organic C 
in the water column and is a major substrate for metabolism in the system [75]. The Ganges is one of the 
major rivers of India, during monsoon huge freshwater runoff carries large amounts of organic materials to 
the estuary.  
The DOC and POC pools are intimately linked by biological activities. The present model shows that 
benthic detritivorous animals have important influence on the composition and dynamics of POC pool. 
Benthic invertebrates both in forest beds and estuary feed upon the decaying leaves and help in degradation 
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process. Microorgnisms colonise on the partially decomposing leaves and dead bodies of the soil and aquatic 
animals. POC pool is mainly regulated by the activities of invertebrates and detritivores. The model results 
corroborate the same view. Recalcitrant portion of POC is assumed to export during tidal flush.  
5. Conclusion 
Biogeochemical cycles in estuarine system encompass numerous interconnected processes and are 
sensitive to a high number of external forces. Understanding the controlling factors and overall fate of 
organic carbon cycle in this system is challenging because estuaries are extremely dynamic both physically 
and biogeochemically. It is to be mentioned that for mathematical simplification and also due to paucity of 
data, some of the details are not incorporated in this model but this model is a successful endeavour to 
understand the impact of environmental change to carbon cycle and a holistic representation in the tropical 
estuarine system. The interrelationships among the state variables and the parameters are highly non- linear. 
This study suggests that the litterfall of adjacent mangroves is the major source of carbon in this system and 
responsible for sustenance of a strong detritus food chain. Changes in environmental factors along with 
seasons and tidal flush have a vital role in export of labile and recalcitrant organic matter from land to sea via 
this estuary. This model is certainly helpful to understand the basic pattern of carbon cycling in this estuarine 
region along with the adjacent mangroves and to assess the mechanisms of transformation of different forms 
of carbon in the estuarine system. With the knowledge of the parameter sensitivity, proper management 
strategies can be adopted for the survival and sustenance of this vibrant mangrove system. Further 
integration of complexity and more extensive parameters to this model can be done to extend this study into 
a new avenue towards solving of ecological questions.  
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